We address the origin of the magnetic-field independent −|A| T 1/2 term observed in the lowtemperature resistivity of several As-based metallic systems of the PbFCl structure type. For the layered compound ZrAs1.58Se0.39, we show that vacancies in the square nets of As give rise to the low-temperature transport anomaly over a wide temperature regime of almost two decades in temperature. This low-temperature behavior is in line with the non-magnetic version of the twochannel Kondo effect, whose origin we ascribe to a dynamic Jahn-Teller effect operating at the vacancy-carrying As layer with a C4 symmetry. The pair-breaking nature of the dynamical defects in the square nets of As explains the low superconducting transition temperature Tc ≈ 0.14 K of ZrAs1.58Se0.39, as compared to the free-of-vacancies homologue ZrP1.54S0.46 (Tc ≈ 3.7 K). Our findings should be relevant to a wide class of metals with disordered pnictogen layers.
We address the origin of the magnetic-field independent −|A| T 1/2 term observed in the lowtemperature resistivity of several As-based metallic systems of the PbFCl structure type. For the layered compound ZrAs1.58Se0.39, we show that vacancies in the square nets of As give rise to the low-temperature transport anomaly over a wide temperature regime of almost two decades in temperature. This low-temperature behavior is in line with the non-magnetic version of the twochannel Kondo effect, whose origin we ascribe to a dynamic Jahn-Teller effect operating at the vacancy-carrying As layer with a C4 symmetry. The pair-breaking nature of the dynamical defects in the square nets of As explains the low superconducting transition temperature Tc ≈ 0.14 K of ZrAs1.58Se0.39, as compared to the free-of-vacancies homologue ZrP1.54S0.46 (Tc ≈ 3.7 K). Our findings should be relevant to a wide class of metals with disordered pnictogen layers. In the last years, several exciting phenomena have been discovered in pnictogen-containing materials. This holds particularly true for high-temperature superconductivity in a class of materials based on iron [1] . Another example is the family of filled skutterudites with pnictogen atoms in the cage [2, 3] . Topologically nontrivial phases of certain 3D insulators as well as Dirac and Weyl semimetals have been first observed in pnictogen-based systems, such as Bi 1−x Sb x [4] , Cd 3 As 2 [5] , and TaAs [6] . Here, we address the origin of the magnetic-field independent −|A| T
1/2
term observed in the low-temperature resistivity of several As-based metallic systems. We show that As vacancies in the layered compound ZrAs 1.58 Se 0.39 give rise to an orbital two-channel Kondo effect (2CK) that is symmetry-protected against level splitting [8, 22] The standard theory of metals states that at sufficiently low temperatures (T ), the electrical resistivity ρ(T ) is expected to vary quadratically with T due to the electron-electron interaction (EEI) [9] . Deviations from this behavior can occur, but generally ρ(T ) continues to decrease upon cooling. Only a few mechanisms are known to produce a low-T resistivity minimum. The paradigmatic example is the Kondo effect where spin-flip scattering of conduction electrons off dynamic centers associated with the local magnetic moments gives rise to a logarithmic increase of the resistivity upon cooling [9] . Theoretical studies have revealed that an even more exotic 2CK effect can occur if two degenerate channels of the conduction electrons exist, which independently scatter off centers with a local quantum degrees of freedom [10] . The low-energy physics in this case is governed by a non-Fermi liquid fixed point and results in a resistivity minimum followed at lower temperature by a √ T increase of ρ(T ). Realizing the nonmagnetic version of the 2CK effect requires a degeneracy between orbitals that is difficult to maintain in real systems. Here, the orbital degree of freedom plays the role of the (pseudo-)spin and the electron spin represents the degenerate channel index. Such a scenario was proposed for metals with dynamic structural defects modeled by double-well potentials [18] [19] [20] . However, in spite of considerable interest [14] [15] [16] [17] [18] , this type of 2CK physics has never been conclusively demonstrated in any bulk metallic system. This appears to be in line with further theoretical efforts that established two-level systems as an unlikely source of the nonFermi behavior [8, 19, 20, 22] . Additional complications arise from the fact that the disorder-enhanced EEI in three-dimensional metals can also give rise to a √ T term in the resistivity [10, 11] . Thus, the clearest evidence to date for the 2CK effect has come from an artificial nanostructure that can be judiciously tuned to show a T −1/2 term in the differential conductance for about a decade in T [23] .
On the other hand, there are a number of experimental results which point to unconventional scattering mechanisms whose precise nature has remained enigmatic [12] .
In particular, several As-based metallic systems with the layered PbFCl structure display a low-T resistivity minimum. Investigations on e.g. diamagnetic ThAsSe (nominal composition) single crystals revealed a magneticfield-(B)-independent −|A|T 1/2 term in the low-T resistivity [25] . Furthermore, the thermal conductivity and specific heat of ThAsSe showed glass-type temperature dependences which support the presence of structural defects with internal degrees of freedom [25] . Investigations of the closely related Zr-and Hf-based arsenide selenides have pointed to a B-independent −|A|T 1/2 contribution to ρ(T ) as a generic feature of metallic arsenide selenides crystallizing in the PbFCl structure [26] . To address the physical mechanism leading to the B-independent −|A|T 1/2 term in the low-T ρ(T ) we have identified two homologues, ZrAs 1.58 Se 0.39 and ZrP 1.54 S 0.46 , that allow us to identify the microscopic origin of the anomalous behavior. By combining precise physical property measurements with chemical and structural investigations performed on the same single crystals, we show that the only viable explanation for the observed transport anomalies of ZrAs 1.58 Se 0.39 is in terms of a 2CK. We argue that 2CK physics is possible due to vacancies in the square nets of As atoms.
The ternary pnictide-chalcogenides (P n-Ch) contain intermediate phases which crystallize in the tetragonal (P 4/nmm) PbFCl structure, a substitution variant of the Fe 2 As type. This crystal structure consists of square-planar 4 nets is exclusively occupied by one element resulting in a layer-sequence ...P n-M -Ch-Ch-M -P n, and forming a puckered double-layer M 2 Ch 2 with an ordered distribution of M and Ch.
Phases with M , being a metal with the fixed +4 oxidation state such as Zr, Hf, and Th, are characterized by significant excess of pnictogen atoms (see Fig. 1 ). In case that the homogeneity range is restricted to the tie-line between M P n 2 and M Ch 2 the chemical formula corresponds to M P n x Ch y with x + y = 2. For M =Zr, it has been shown that only the 2c site is randomly occupied by P n and Ch. Exceptionally for the arsenide selenide, however, the homogeneity range is located right next to the tie-line ZrAs 2 -ZrSe 2 on the As depleted side and hence 1.90 ≤ x + y ≤ 1.99 [2] and Fig. S4 of [35] . As a result, vacancies are solely present within the As layers (2a site) [35] .
Replacement of As and Se by P and S, respectively, Figure 1 . Structural disorder in zirconium pnictide chalcogenides. (a) The PbFCl structure type with the fully occupied Q(2c) site (green) by Ch together with P n. The Pn(2a) site (blue) arranged within planar layers is only occupied to 97 % by As in ZrAs1.58Se0.39, but fully occupied by P in ZrP1.54S0.46. (b) The vacancies in ZrAs1.58Se0.39 (left) manifest random displacements of As within the layer due to homoatomar covalent bond formation. This is indicated by flattened displacement ellipsoids in the structure refinements, while the refined displacement ellipsoids in ZrP1.54S0.46 (right) are nearly spherical.
does not distinctly alter basic physical properties, such as electrical resistivity and specific heat of the tetragonal Zr-P n-Ch phases. In fact, differences in the metallic behavior of ρ(T ) are of minor significance only, as depicted in Fig. 2(a) . For both homologues ZrP n x Ch y , a drop of ρ(T ) signals the onset of a superconducting phase transition at T c ≈ 0.14 K (ZrAs 1.58 Se 0.39 ) and 3.9 K (ZrP 1.54 S 0.46 ), respectively. However, ρ = 0 is found only substantially below the onset temperature [see Fig. 2(b) ]. The complex behavior of ρ(T ) in the vicinity of T c is ascribed to a likely delicate variation of chemical composition, i.e., below 0.5 wt. % which is the resolution limit of our analysis. The normal-state specific heats C(T ) for both ZrAs 1.58 Se 0.39 and ZrP 1.54 S 0.46 are very similar, leading to virtually the same value of the Sommerfeld coefficient of the electronic specific heat γ = 1.7(±0.1) mJK
[see Fig. 2(c) ]. Summing up, the main physical properties of ZrAs 1.58 Se 0.39 and ZrP 1.54 S 0.46 demonstrate a farreaching similarity between both homologues. Therefore, the observed difference in their T c 's by a factor ≈ 30 is an unexpected result, especially in view of the tiny concentration of magnetic impurities in the arsenide selenide crystals, i.e. less than 0.10 wt. % [26] ). Note that the As vacancies themselves, as (static) potential scatterers, cannot be the source of strong pair-breaking.
A hallmark of the 2CK effect is the √ T dependence of the low-T resistivity. In the case of dynamic structural defects, the resulting non-Fermi liquid properties are not expected to depend on an applied magnetic field as long . For clarity, the temperature scale of the ρ(T ) data for the P-based system was multiplied by a factor of 5. (c) Low-temperature specific heat for ZrAs1.58Se0.39 and ZrP1.54S0.46. Inset: Electronic specific heat of ZrP1.54S0.46 in the vicinity of the superconducting phase transition, as Ce/T vs temperature. Ce = C − C ph , where C ph is the phonon contribution, estimated from the normal-state B = 0.5 T data. (d) Zero-field-cooled (ZFC) and field-cooled (FC) dc magnetic susceptibility as a function of temperature for ZrP1.54S0.46. Inset: Evidence for large shielding in ZrAs1.58Se0.39 is provided by the sizable diamagnetic signal of the ac magnetic susceptibility below about T = 0.125 K.
as the Zeeman splitting does not cause a difference in the conduction-electron DOS at the Fermi level between up and down subbands. The only other mechanism that can in principle result in a B-independent −|A|T 1/2 correction to the resistivity is the electron-electron interaction (EEI) in a three-dimensional, disordered metal [10, 11] . This could happen if electron screening is strongly reduced, yielding the unique case of a screening factor, F σ , very close or even equal to zero [10, 11] . To analyze possible corrections due to the EEI in ZrAs 1.58 Se 0.39 and ZrP 1.54 S 0.46 , we thus have plotted in Fig. 3(a) the relative change of the resistivity normalized to the minimum value, (ρ − ρ min )/ρ min , as a function of T dependence for the system containing vacancies in the pnictogen layers.
For the free-of-vacancies system, the low-T upturn displays a completely different response to an applied field. (In the absence of a magnetic field, superconducting fluctuations dominate the transport properties of ZrP 1.54 S 0.46 leading to a strong decrease of ρ(T ) in a temperature region which significantly exceeds T c ≈ 3.7 K.) Although at B = 1 T a small fraction of the ZrP 1.54 S 0.46 sample still displays surface superconductivity below 1 K, at elevated temperatures, we observe an upturn in ρ(T ) with a rather complex T behavior.
More remarkably, however, the (ρ − ρ min )/ρ min correction is distinctly smaller at intermediate fields of about 2 T [cf. the inset of Fig. 3(a) ]. For 14 T, the low-T upturn is strongly reduced, and its magnitude is about 7 times smaller than for B = 1 T. Furthermore, the ρ(T ) rise is restricted to a rather narrow temperature window, i.e. from above 4.2 K to around 1 K. At T < 1 K, the resistivity tends to saturate. These findings point to a negligible EEI in single crystals of ZrP n x Ch y and yield striking evidence for an entirely different origin of the −|A|T 1/2 term in the low-T ρ(T ) occurring in the material without (ZrAs 1.58 Se 0.39 ) and with (ZrP 1.54 S 0.46 ) a full occupancy of the square-planar pnictogen layers. For an in-depth analysis, see [35] . In the latter case, structural disorder (driven from the mixed occupied 2c sites only) leads to weak localization. Its negative contribution to the magnetoresistance MR= [(ρ(B) − ρ(0)]/ρ(0) increases upon cooling and amounts to about 0.02 % at T = 2 K. The weak-localization contribution is nearly two orders of magnitude smaller than the classical MR [cf. the inset of Fig. 3(b) ]. Therefore, the total MR of ZrP 1.54 S 0.46 is essentially temperature independent at T ≤ 10 K and approaches 1.4 % at B = 14 T.
Figure 3(b) shows the temperature dependence of (ρ − ρ min )/ρ min for two ZrAs 1.58 Se 0.39 specimens with similar elastic relaxation times. In spite of this moderate variation, the size of the magnetic-field-insensitive −|A|T
term between these samples differs by more than a factor of 3 and hence the A coefficient amounts to 0.038 and 0.167 Ωcm/K 1/2 for samples #1 and #2, respectively. Similarly to the afore mentioned results, the experimental observations shown in Fig. 3 (b) are at strong variance to the expectation based on enhanced EEI in 3D specimens of the same disordered metal [10, 11] . Indeed, a nearly identical screening factorF σ , see Ref. [35] , implies that the magnitude of a hypothetical (ρ − ρ min )/ρ min anomaly would only vary with ρD
. This, however, is not observed in ZrAs 1.58 Se 0.39 . In fact, a supposed −|A|T 1/2 correction, calculated in respect to the |A|-coefficient value of sample #1 and schematically sketched by a dashed line in Fig. 3(b) , would be substantially smaller than what is experimentally found for sample #2. (Since A is field independent,F σ = 0 was assumed in our calculations [35] ).
We thus conclude that the B-field independent −|A|T 1/2 correction to ρ(T ) in ZrAs 1.58 Se 0.39 cannot be caused by EEI and can only be explained by the existence of non-magnetic defects with degenerated ground state which, at low temperatures, place the system near the 2CK fixed point. Note that in the dilute limit, where the dynamic scattering centers are independent of each other, the amplitude |A| is proportional to the concentration of dynamic scattering centers in the 2CK regime which is in general smaller than, and not expected to scale in a simple fashion with, the concentration of As vacancies.
The chemical composition of ZrAs 1.58 Se 0.39 implies that the vacancies in the As layer are in the dilute limit. As discussed above, our analysis shows that interstitial As does not occur in the pnictogen layer. Each vacancy thus preserves the C 4 symmetry of the pnictogen layer. As a result, a Jahn-Teller distortion forms in the pnictogen layer concomitant with a formation of As dimers or oligomers. This phenomenon is well known to occur in such square nets of the PbFCl structure-type compounds [5] . The flattened displacement ellipsoids shown in Fig. 1(b) are indicative of the occurrence of the dynamic Jahn-Teller effect in the As (2a) layer. As the Jahn-Teller distortion develops, the doublet states split and one of them becomes the new ground state. A finite tunneling rate between the different impurity positions compatible with the overall square symmetry restores the square symmetry through a dynamic Jahn-Teller effect, see Figs. 3(c)-(f). The group C 4 possesses only one-dimensional irreducible representations and one twodimensional irreducible representation (IRREP). Thus, a non-Kramers doublet associated with the dynamic JahnTeller distortion transforms as the two-dimensional irreducible representation of the group C 4 , and allows for a two-channel Kondo fixed point to occur at sufficiently low energies [16, 17, 23] . The pseudo-spin index ± of the effective 2CK Hamiltonian labels the basis states of this two-dimensional subspace [35] . As a result of the coupling to the conduction electrons the doublet can become the ground state [24] . In fact, the doublet is renormalized below the singlet in a wide parameter regime [33] .
Our conclusion that 2CK centers exist in ZrAs 1.58 Se 0.39 is further corroborated by the low superconducting transition temperature, as compared to ZrP 1.54 S 0.46 , which points to the presence of efficient Cooper pair breakers [26] . The 2CK effect in ZrAs 1.58 Se 0.39 has been argued to arise out of the nonKramers doublet transforming as the two-dimensional IRREP of C 4 . The associated basis states of the two-dimensional IRREP, labeled by + and −, are time-reversed partners.
Expanding the BCS order parameter around the quantum defect will thus have to involve singlets of + and −. The full Hamiltonian including the quantum defect involves scattering from one of the basis states of the two-dimensional IRREP to the other. These scattering processes therefore have to break up Cooper pairs and thus reduces T c . For details, see [35] . Thus, our model is in line with all observed properties of ZrAs 1.58 Se 0.39 and is not susceptible to the difficulties that exist for the 2CK scenario based on two-level systems. The observed suppression of superconductivity in ZrAs 1.58 Se 0.39 as compared to ZrP 1.54 S 0.46 is naturally explained. A logT -behavior of ρ(T ) is expected for the T -behavior right above the √ T regime for a 2CK system, which is indeed observed [35] . Direct evidence of the dynamic scattering centers could come from scanning tunneling spectroscopy apt to zoom into one of these dynamic scattering centers.
In conclusion, we have shown that the B-independent −|A|T 1/2 -term in ρ(T ) of ZrAs 1.58 Se 0.39 is triggered by non-magnetic centers with a local quantum degree of freedom. Our analysis indicates that a dynamic Jahn-Teller effect concomitant with the formation of As oligomers places the scattering center in the vicinity of the orbital two-channel Kondo fixed point. These quantum impurities act as efficient Cooper pair breakers which explains the suppression of T c of ZrAs 1.58 Se 0.39 as compared to the homologue ZrP 1.54 S 0. 46 We expect that similar dynamic scattering centers occur in other materials PbFCl structure type with square nets of pnictogen.
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I CRYSTAL GROWTH, CHEMICAL CHARACTERIZATION, AND STRUCTURAL ANALYSIS
Single crystals of the ternary phases with PbFCl structure type were grown by Chemical Transport Reaction (CTR) using iodine as transport agent [S1] starting from microcrystalline powders of pre-reacted materials, which were obtained by gradual temperature treatment of mixtures of the elements under inert conditions (vacuum). The amount and chemical composition of deposited crystals depends on the quantity and composition of the source material. A large quantity of source material leads to almost constant transport conditions by keeping temperature of the source and sink as well as the total pressure in the transport ampoule constant. Various positions of the growing crystals within the sink area of the ampoule may cause differences in chemical composition due to different temperature gradients. For this reason and because of the homogeneity regions of the ternary phases under consideration, it is of crucial importance not only to check the total chemical composition of a crystal but to also investigate the constancy of the chemical composition over the crystal individual by WDXS-analyzes as a function of position. Microcrystalline samples of chemical composition ZrP 1.54 S 0.46 and ZrAs 1.58 Se 0.39 were prepared by reaction of the elements using glassy carbon crucibles as containers which were sealed in fused-silica ampoules. Starting from these powders, tetragonal single crystals (up to 2 mm in length) of the ternary phases were grown by exothermal CTR in temperature gradients from 875
• C (source) to 975
• C (sink) by using iodine as the transport agent. Figure S1 . Isothermal section of the ternary system Zr-As-Se at 1223 K. The homogenity range of the PbFCl type ternary phase is enlarged, with the dashed line indicating the tie-line between the binary compounds ZrAs2 and ZrSe2 [S2] .
Single crystals grown by the CTR in the system Zr-P-S reveal a rather close chemical composition with variations for Zr, P and S below 0.5 wt %: WDXS analyses (Cameca SX 100) on a single crystal resulted in Zr 1.000(4) P 1.543(5) S 0.460(4) ; IC P-OES analyses (Vista RL, Varian) on crystals from the same batch gave Zr 1.00(2) P 1.56(1) S 0.461 (4) , confirming an only narrow range in homogeneity. Crystallographic data: Tetragonal, P 4/nmm, a = 3.5851(1) Å, c = 7.8036(2) Å, Z = 2.
A single crystal grown by the CTR in the system Zr-As-Se was investigated by WDXS. The chemical composition was determined as Zr 1.000(3) As 1.595(3) Se 0.393 (1) which is consistent with the results of crystal structure determination and refinements (ZrAs 1.59(1) Se 0.39(1) , tetragonal, P 4/nmm, a = 3.7576(2) Å, c = 8.0780(5) Å, Z = 2). A linescan of 50 measuring points over a distance of 500 µm along the crystal revealed a homogeneous distribution of Zr and Se, with only small fluctuations in the As content.
The ternary systems Zr-As-Se and Zr-P-S contain intermediate phases which crystallize in the tetragonal (P 4/nmm) PbFCl [S3] 
nets is exclusively occupied by one element resulting in a layer-sequence ...P n-M -Ch-Ch-M -P n, and forming a puckered double-layer M 2 Ch 2 with an ordered distribution of M and Ch. A representative for ternary pnictide-chalcogenides with precise 1:1:1 composition is given by CeAsSe [S4] .
The ternary phases adopting the PbFCl structure type (or more specifically the ZrSiS type) in the systems Zr-As-Se and Zr-P-S are characterized by homogeneity ranges and significant excess of P n (As and P, respectively). In case that the homogeneity range is restricted to the tie-line between ZrP n 2 and ZrCh 2 (Ch = S and Se, respectively), the chemical formula of the ternary phase corresponds to ZrP n x Ch y with x + y = 2, a situation which holds for the zirconium phosphide sulfide. The homogeneity range of the arsenide selenide, however, is shifted from the tieline ZrAs 2 -ZrSe 2 (see Fig. 1 ) and forms a triangle between the chemical compositions ZrAs [S2] . Detailed structural investigations on single crystals belonging to this homogeneity triangle revealed that the Q(2c) site (see Fig. 1 of the main text) is randomly (but fully) occupied by As and Se. At the same time, vacancies are present within the As layers (2a site) [S2] . In case of the ZrP x S y (x + y = 2) series, vacancies within the P layers are missing (full occupation of the 2a site by P).
Quadratic nets in metallic PbFCl-type compounds are expected to distort due to a second-order Jahn-Teller effect, i.e., chemical bond formation [S5] as was observed frequently in rare-earth metal chalcogenides [S6] as well as CeAsSe [S4] . However, for the compounds under consideration no crystallographic symmetry reduction, but rather local displacements of As atoms were observed in X-ray and neutron diffraction. These displacements of As within the quadratic nets in the direction of neighboring As atoms indicate the presence of dimers or oligomers As n , as illustrated in Figs. 3(d)-3(g) of the main text. The displacement factors of As within the plane of the 2a sites clearly increase with increasing vacancy concentration, whereas the phase without a significant amount of vacancies, namely Zr 1.000(4) P 1.543(5) S 0.460(4) , does not show any indication of P displacements.
II PHYSICAL MEASUREMENTS
After the (destruction-free) chemical analysis and crystallographic investigations, measurements of physical properties were performed on one and the same crystal or by use of parts of the well-characterized specimen.
Specific heat measurements in the range 0.4 K ≤ T ≤ 5 K were performed on a ZrAs 1.58 Se 0.39 single crystal with a mass of 19.87(1) mg and a cubic-like shape of approximate edge length 1.4 mm, and a single crystal of ZrP 1.54 S 0.46 with a mass of 5.2(1) mg and a dimension of about 1.4 mm along the c axis via the thermal-relaxation method using a commercial 3 He microcalorimeter (PPMS). For ZrAs 1.58 Se 0.39 , the low-temperature ac susceptibility χ ac (T ) was investigated with the driving field B ac = 0.01 mT utilizing a He dilution refrigerator. For ZrP 1.54 S 0.46 , dc magnetization measurements were performed for 1.8 K≤ T ≤ 6.5 K and B = 1 mT using a superconducting quantum interference device magnetometer (MPMS).
The electrical resistivity was studied by a standard four-point ac technique in zero and applied magnetic fields up to 14 T. For low-temperature measurements, a Linear Research ac resistance bridge (model 700) was utilized applying electrical currents as low as 150 µA in the mK temperature range. In all samples, the resistivity was measured parallel to the crystallographic c axis. From the single crystal of ZrAs 1.58 Se 0.39 two specimens have been cut off, with a length of 1.12 mm (#1) and 0.94 mm (#2) and a cross section of 0.023 mm . Because of the high fragility of the crystals, electrical contacts for temperature-dependent experiments were made by electrochemical deposition of copper, and a two-needle voltage probe with a fixed distance of 0.548 mm was used to determine absolute values of the resistivity.
For the As-based system, the c-axis residual resistivity ρ 0 amounts to about 500 µΩ cm. For the P-based system, one finds a lower value of ρ 0 = 270(±40) µΩ cm and a residual resistivity ratio RRR = 1.65, compared to RRR ≈ 1.1 for ZrAs 1.58 Se 0.39 . This points to a similar, but somewhat less pronounced structural disorder in the free-of-vacancies phase. The magnetoresistance, which is a dimensionless relaxation-time-dependent quantity, provides further evidence for a far-reaching similarity between both ZrP n x Ch y homologues. In fact, also for two ZrAs 1.58 Se 0.39 specimens, neither any temperature dependence nor any deviation from the B 2 behavior was observed up to 20 K, as shown in the inset of Fig. 3(b) . From the values of MR ∝ (1/ρ) 2 one can anticipate that ρ 0 of sample #2 excesses that of sample #1 by about 18 %. This underlines that our estimation of a minor (12 %) difference between the measured ρ 0 values is accurate.
III SCREENING FACTOR, ELECTRON DIFFUSION CONSTANTS AND OTHER PHYSICAL PARAMETERS OF Zr-BASED PNICTIDE CHALCOGENIDES
In order to estimate the screening factor F for single crystalline ZrAs 1.58 Se 0.39 and ZrP 1.54 S 0.46 , we turn to the Hartree-Fock approximation, following the formalism presented in [S7] . A measure of the strength of the electronic correlations is provided by the dimensionless parameter a, which is the ratio between Coulomb potential energy and kinetic energy. The parameter a is thus proportional to the average distance between electrons r s , measured in multiples of the Bohr radius a 0 . We estimate a from a = r s a 0 = 3 4πn
where n is the density of the electron gas in three dimensions. Taking the experimental value of n ≈ 0.45 × 10 , for the ferromagnetic isostructural system UAsSe [S8] , we obtain a = 7.1. [It is worth to mentioning that UAsSe (nominal composition) with the Curie temperature of about 110 K displays sample-dependent anomalies in the resistivity far below the ferromagnetic transition [S9] .] Consequently, the ratio between the screening vector and the Fermi wavevector k/k F is given by:
The value of the effective mass m * in ZrAs 1.58 Se 0.39 and ZrP 1.54 S 0.46 can be estimated from the electronic specificheat coefficient γ, which results in k/k F = 2.06 for both Zr-based pnictide chalcogenides.
For a 3D electron gas the screening factor F is defined by
Within Thomas-Fermi theory one finds F varying between 1 for strong and ≈ 0 for weak screening. For ZrAs Finally, it has been pointed out [S10, S11] that in all formulas F should be replaced byF σ given bỹ In disordered metals with random scattering potential the electron motion is diffusive due to repeated scatterings with the random potential. The diffusive character of electron conduction is characterized by the diffusion constant D, which can be estimated through the Einstein relation, 5) where N (E F ) is the conduction electron density of states at the Fermi level and ρ 0 is the residual resistivity. N (E F ) can be estimated from the free-electron formula:
where γ is the Sommerfeld coefficient of the molar electronic specific heat and k B is the Boltzmann constant. for the phase with and without vacant lattice sites, respectively. The disorder parameter k F l (with l being the mean free path and k F the Fermi wavenumber) turns out to be k F l ≈ 4.2 for ZrAs 1.58 Se 0.39 and k F l ≈ 7.1 for ZrP 1.54 S 0.46 . This estimate has been obtained using the free-electron relation
where m ⋆ ≈ 1.7m is the effective electron mass obtained from the specific heat (m being the bare electron mass). Because of the small diffusion constants, a strong rather than weak disorder effect is anticipated for both Zr-based pnictide chalcogenides. Table I lists several physical properties for both materials.
Finally, we emphasize that our estimate of the residual resistivity (cf. Table I ) is accurate for the rather small samples of ZrAs 1.58 Se 0.39 and ZrP 1.54 S 0.46 . This is inferred from the isothermal response of the resistivity to a magnetic field that was studied by taking advantage of the fact that the magnetoresistivity MR = [(ρ(B) − ρ(0)]/ρ(0) is a dimensionless quantity. The MR data are depicted in the inset of Fig. 3(c) of the main text. Neither any temperature dependence nor any deviation from the B 2 behavior was observed in the temperature window 0.1 K -20 K and for B > 1 T. In this field range, the Lorentz force leads to the curvature of the electronic trajectories and hence, a change of the classical transverse MR ∝ (B/ρ)
2
. At B = 14 T, we have observed an MR of, respectively, 0.27 % and 0.18 %, i.e., a difference of about 35 % between the two specimens of ZrAs 1.58 Se 0.39 . Thus, one can anticipate that ρ 0 of sample #2 exceeds that of sample #1 by about 18 %. Note that this estimate, being in satisfactory agreement with the 12 % difference between the measured ρ 0 values, does not alter the discussion presented in Sec. IV. For ZrP 1.54 S 0.46 we have found that the MR along the c axis is 1.4 % at B = 14 T. This is in accord with the lower residual resistivity compared to that in ZrAs 1.58 Se 0.39 , which lends additional support to the similarity in basic physical properties of both Zr-based pnictide chalcogenides.
IV ANALYSIS OF THE DEPHASING RATES, NEGLIGIBLE ELECTRON-ELECTRON INTERACTION, AND DYNAMIC SCATTERING CENTERS
This section contains our in-depth analysis of the dephasing rates of ZrAs 1.58 Se 0.39 and ZrP 1.54 S 0.46 . It will lead us to the conclusion that dynamic scattering centers in the vacancy-containing pnictogen layer of ZrAs 1.58 Se 0.39 are responsible for the observed low-temperature transport anomalies in ZrAs 1.58 Se 0.39 . Finally, we show that the dynamic scattering centers act as superconducting pair breakers. Thus, the difference in T c of the two systems is a consequence of this particular type of 2CK "impurities".
Quantum interference effects in ZrP1.54S0.46 and dephasing in ZrAs1.58Se0.39
In the absence of a magnetic field, superconducting fluctuations dominate the transport properties of ZrP 1.54 S 0.46 leading to a strong decrease of ρ(T ) in a temperature region which significantly exceeds T c ≈ 3.7 K. Under these conditions it is extremely difficult to convincingly separate corrections to the resistivity due to weak localization and EEI [S10, S11] . Thus, we have performed experiments at finite magnetic field to suppress superconductivity and to explore the field dependence of the normal-state resistivity. In Fig. S2 , the relative change of the resistivity normalized to the minimum value, (ρ − ρ min )/ρ min , is shown as a function of T
1/2
for fields up to 14 T (with field direction parallel to the current along the c axis).
At B = 1 T a small fraction of the ZrP 1.54 S 0.46 sample still displays surface superconductivity below ≈1 K, while at elevated temperatures, we observe an upturn in ρ(T ) which is more complex than the −|A|T 1/2 behavior found in ZrAs 1.58 Se 0.39 and is ascribed to weak localization. Note that in three dimensions, the corrections to the resistivity coming from EEI and the weak-localization correction have different temperature dependencies. In the case of the weak-localization correction, the temperature enters only through the relaxation rates for inelastic scattering processes. The standard way to experimentally extract the correction due to EEI is to apply a magnetic field in order to suppress the weak localization [S10, S11]. The effect of an external magnetic field is to destroy the phase coherence of the partial electron waves. Since weak localization leads to an increase of the resistivity upon cooling, its suppression by a magnetic field results in a negative magnetoresistivity.
A negative MR in the ZrP 1.54 S 0.46 compound is inferred from the B ≥ 1 T data (cf. Fig. S2 ). Already at intermediate fields of about 2 T, the (ρ − ρ min )/ρ min correction is smaller than for B = 1 T. For the largest available field of 14 T, the low-T upturn is strongly reduced, and its magnitude is about 7 times smaller than for B = 1 T. Several additional observations can be made: The application of a magnetic field shifts the position of ρ min towards lower temperatures. As a result, at B = 14 T the resistivity of ZrP 1.54 S 0.46 is essentially temperature-independent down to liquid-helium temperature, and its rise is restricted to a rather narrow temperature window, i.e., from above 4.2 K to around 1 K. At T < 1 K, the resistivity is found to saturate. (Similar complex behavior in the same temperature regime is already observed for B = 2 T). Taken together, these experimental findings imply that the absolute value of the weak-localization MR increases upon cooling and amounts to about 0.02 % at T = 2 K. Thus, it is nearly two orders of magnitude smaller than the classical MR (cf. the inset of Fig. 3(c) of the main text) . Therefore, the total MR of ZrP 1.54 S 0.46 is essentially temperature independent at T ≤ 10 K and approaches 1.4 % at B = 14 T.
The weak-localization correction to ρ(T ) in ZrP 1.54 S 0.46 is in striking contrast to the field-independent −|A|T 1/2 term in ρ(T ) of ZrAs 1.58 Se 0.39 . As we shall conclude below, this term must be caused by the presence of dynamic "impurities" that lead to two-channel Kondo physics. Since two-channel Kondo "impurities" act as dephasing centers for conduction electrons due to their dynamic nature, no weak-localization correction in ρ(T ) is expected. Note that the strong dephasing in ZrAs 1.58 Se 0.39 cannot be caused simply by the vacancies. Because of their static nature, vacancies act as elastic scatterer and do not destroy phase coherence. However, this situation changes dramatically when the vacant sites trigger the formation of dynamic scattering centers. Quite generally, internal quantum degrees of freedom of scatterers lead to dephasing in metals [S12] . A well known example are magnetic impurities giving rise to spin-flip scattering [S13] . If, for the specific case of a Kondo impurity, the temperature is reduced to below the Kondo temperature, the dephasing time for the standard (single-channel) Kondo effect diverges for T → 0. In contrast to (standard) magnetic Kondo impurities where the ground-state singlet has zero entropy, a doubly degenerate twochannel Kondo impurity in the non-Fermi liquid regime has a nonzero ground state entropy of 1 2 ln2. This implies that the dephasing time for the two-channel Kondo effect is finite even at T = 0 [S14].
The resistivity results for ZrP 1.54 S 0.46 displayed in Fig. S2 lead to the conclusion that EEI very likely does not contribute to the field-independent −|A|T 1/2 term in ρ(T ) of ZrAs 1.58 Se 0.39 : For ZrP 1.54 S 0.46 , the ρ(T ) upturn at B=14 T is about 7 times smaller than the one at B = 1 T. Within the EEI theory for three-dimensional disordered metals [see Eqs. (S.8)-(S.11) and discussion below], a field-independent correction to the resistivity requires very weak screening (F σ ≈ 0) and consequently, a very large value of the diffusion constant, i.e., D = 647 cm (cf. dashed line in Fig. S2) . Estimates of the required diffusion constants for such a field-independent contribution, based on Eq. (S.11), are more than three orders of magnitude larger than the afore-mentioned values obtained from the Einstein relation. Furthermore, for a system with ρ 0 = 270 µΩ cm and D = 1.6 cm , like e.g. for ZrP 1.54 S 0.46 , one would expect the B-independent (ρ − ρ min )/ρ min term to be as large as about 0.12 % at the lowest temperatures. Thus, if dominant, EEI would cause an easy-to-detect correction to the low-temperature resistivity, as indicated by the dotted line in Fig. S2 . Thus, we conclude that the observed −|A|T Quantitative arguments for negligible electron-electron interactions in ZrAs1.58Se0.39
The only mechanism, other than the proximity to a two-channel Kondo fixed point, that can result in a Bindependent −|A|T 1/2 correction to the resistivity is the three-dimensional (3D) EEI in the so-called diffusion channel of disordered metals. This may occur in systems with an exceptionally weak electron screening, i.e.F σ ≈ 0. In the presence of a magnetic field, the diffusion-channel correction to the resistivity can be written as a sum of two terms [S10, S11]:
where we assume that, in a metal at low temperatures, the corrections to the resistivity, δρ = ρ − ρ 0 , are small (δρ ≪ ρ 0 ). The first term represents the field-independent exchange, S z = 0 Hartree contribution, given by:
where D is the electron diffusion constant and the screening factorF σ is defined in Eq. (S.4). The second term in Eq. (S.8) is the remaining |S z | = 1 triplet contribution. Its field dependence is a result of Zeeman spin splitting and can be written as:
with h = gµBB kBT , where g is the Landé factor. Assuming g = 2, the possible values of g 3 (h) at B = 14 T are strongly T dependent and hence vary between 12 to 0.2 when increasing temperature from 0.1 to 10 K (see Fig. S3 ).
In the absence of a magnetic field the EEI correction to the resistivity reduces to the following expression [S11] : with contributions coming both from the singlet as well as the triplet term. Hence, we reach the important conclusion that the assumption ofF σ ≈ 0 for ZrAs 1.58 Se 0.39 leads to a non-physical variation of the diffusive motion in (single crystalline) ZrAs 1.58 Se 0.39 . In turn, it is also possible to fit the zero-field ρ(T ) data for samples #1 (ρ #1 = 490 µΩ cm and D #1 = 1.01 cm term in ρ(T ) (cf. the dotted lines in Fig. S4 ). 
V TWO-CHANNEL KONDO PHYSICS FROM DYNAMIC STRUCTURAL SCATTERING CENTERS
The results on ZrAs 1.58 Se 0.39 and ZrP 1.54 S 0.46 reported here together with our analysis of possible electron-electron interaction and weak localization corrections imply the existence of a dephasing mechanism associated with vacancies in the pnictogen layers that is compatible only with 2CK scattering centers. Here, we argue that such scattering centers are possible due to the square lattice symmetry of the vacancy carrying As layer and the tendency of such square nets with the PbFCl structure-type compounds to develop a dynamic Jahn-Teller distortion [S5] .
The (single-channel) Kondo effect occurs when magnetic impurities interact antiferromagnetically with delocalized electronic states. The interplay of Kondo screening and the Jahn-Teller distortion has been discussed by Gogolin [S16] and the effect of a dynamical Jahn-Teller distortion in cage compounds like skutterudites has been addressed by Hotta [S17] . In contrast, 2CK physics arises when the local moment is coupled to two identical fermionic baths. In this case, overscreening of the impurity degree of freedom occurs and even the strong-coupling fixed point becomes unstable. The system flows to some intermediate effective coupling and displays non-Fermi liquid behavior with a non-vanishing zero-temperature entropy, a logarithmically increasing spin susceptibility, and square-root-in-temperature behavior of the scattering rate. The 2CK model, has turned out to be extremely difficult to realize, as e.g. any channel-symmetry breaking terms will drive the model away from the non-Fermi liquid fixed point. A very interesting proposal to realize two-channel Kondo physics has been made by Zawadowski and Vladár [S18-S20] to explain transport anomalies often seen in metallic glasses. The model by Vladár and Zawadowski is based on atoms in double-well potentials that may tunnel from one minimum to the other. These two minima of the atomic energy give raise to a pseudospin variable. Direct tunneling of the atom between the two minima necessarily splits the degeneracy between the two states and thus corresponds to an effective magnetic field. The conduction electron assisted tunneling of the atom assumes the role of a hybridization term. The conduction electron spin does not participate in assisted tunneling processes and thus gives rise to two degenerate scattering channels protected by time-reversal symmetry. This opens up the possibility for the two-level system to flow to the 2CK fixed point. For energies well below the associated Kondo temperature, the system would therefore display a √ T behavior insensitive to an applied magnetic fields as the Kondo scattering processes are non-magnetic in character [S18-S21] . However, as pointed out by Aleiner et al., this proposal also implies the existence of an effective magnetic field in excesses the associated Kondo scale so that a two-level system may never reach the regime where 2CK physics ensues [S22] .
It thus would seem that the existence of non-magnetic 2CK scattering centers in ZrAs 1.58 Se 0.39 is unlikely although our analysis strongly supports their existence. A way out of this conundrum is to consider dynamical defects with higher symmetry [S23] . If the dynamic defect is compatible with a triangular or C 3 symmetry, there exists a doublet whose degeneracy is ensured by symmetry. In this case, the low-energy properties are governed by a fixed point that is identical to the two-channel Kondo fixed point up to irrelevant operators. A difficulty with this proposal is that the doublet is usually higher in energy than the singlet. Under certain conditions, the doublet can become the ground state. For the case of a defect with triangular symmetry, this has been investigated in Ref. [S23] . More recently, the case of an SU(3)-symmetric defect in a metal was investigated by perturbative and NRG methods and it was found that the level spacing between doublet and singlet always renormalizes down as a result of the coupling to the electronic bath [S24] . As a result, the doublet is renormalized below the singlet in a wide parameter range [S24] .
Here, we carry over the analysis of Refs. [S23, S24] to vacancies in square nets of the PbFCl structure-type compounds and show that the vacancies in the pnictogen layer give rise to dynamic defects with a C 4 symmetry. The square symmetry implies the existence of doubly generate eigenstates that form an irreducible representation of the group C 4 . The comparably small composition range 1.90 ≤ x + y ≤ 1.99 for which two-channel Kondo physics has been observed in ZrAs x Se y implies that the vacancies in the pnictogen layer are in the dilute limit. Furthermore, as discussed above (see Sec. I), the pnictogen layer P n(2a)-site is only occupied up to 97 % with As. Interstitial As does not occur in this layer. Thus, each vacancy preserves the C 4 symmetry of the pnictogen layer. As a result, a Jahn-Teller distortion forms in the pnictogen layer concomitant with a formation of As dimers or oligomers. This phenomenon is well known to occur in such square nets of the PbFCl structure-type compounds [S5] . The flattened displacement ellipsoids shown in Fig. 2(b) are indicative of the occurrence of the dynamic Jahn-Teller effect in the As (2a) layer. As the Jahn-Teller distortion develops, the doublet states split and one of them becomes the new ground state. A finite tunneling rate between the different impurity positions compatible with the overall square symmetry restores the square symmetry through a dynamic Jahn-Teller effect. The group C 4 possesses only one-dimensional irreducible representations and one two-dimensional irreducible representation (IRREP). Thus, a non-Kramers doublet associated with the dynamic Jahn-Teller distortion transforms as the two-dimensional irreducible representation of the group C 4 , and allows for a two-channel Kondo fixed point to occur at sufficiently low energies [S23] . In this twodimensional subspace, the basis states (labelled ±) allow to introduce a pseudospin label. Expanding the conduction electron states around the quantum impurity yields where H loc contains the local part of the dynamic defect, d † ± creates an electron in the basis state ±, c † ±,σ is the local (energy integrated) conduction electron creation operator projected onto the basis states of the set of irreducible representations of the local symmetry using the great orthogonality theorem to obtain the invariant coupling between the local doublet subspace and the conduction electrons. The term proportional to Q 1 describes the coupling of the z-component of the pseudospins wheres ∆ 1 is the (pseudo-) spin-flip component responsible for Kondo-scattering processes and H additional contains all additional terms in the Hamiltonian (see Ref. [S23] for a discussion of their relevance/irrelevance near the two-channel Kondo fixed point). As the conduction electron spin degree of freedom σ only enters as an overall summation index and the degeneracy in σ is protected by time-reversal symmetry, the model is equivalent to the two-channel Kondo model. A magnetic field breaks the spin degeneracy of the conduction electrons but this only leads to observable effects for a field strength comparable to the bandwidth. That a magnetic field up to 14 Tesla does not affect the anomalous low-temperature behavior of ZrAs 1.58 Se 0.39 is a strong indication for two-channel physics.
The Kondo temperature scale below which one observes 2CK physics in ZrAs 1.58 Se 0.39 is comparatively large. This points to a correspondingly large tunneling rate associated with the dynamic defect. This is possible if the associated effective mass is small or the coupling between the As electrons and the conduction electrons is strong enough. The formation of As dimers or oligomers associated with the distortion does imply that the coupling between the As and conduction electrons can be large and can result in a tunneling potential of small effective mass. As Cooper pairs are singlets in spin and pseudospin space, the quantum impurity will break Cooper pairs via electron assisted tunneling, i.e. through flipping the pseudospin of an electron in much the same way as magnetic quantum impurities. As a consequence, Anderson's theorem does not apply.
For ZrAs 1.58 Se 0.39 , with a small number of such structural dynamic scattering centers, bulk superconductivity still sets in but at much lower temperature than it would without such quantum impurities. It is worth noting that here, the pseudospin is not screened thus giving rise to non-Fermi liquid behavior and the dynamic defects remain pair breaking at lowest temperatures. This is in contrast to Kondo impurities, which obey Anderson's theorem in the limit where the Kondo temperature is much larger than the superconducting transition temperature.
VII TEMPERATURE DEPENDENCE OF ρ(T ) ABOVE THE −|A| √ T REGIME Figure S5 . Low-temperature resistivity (ρ(T ) − ρmin)/ρmin vs. T A logarithmic temperature dependence of the resistivity is expected for the 2CK at temperatures above the T
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behavior. This will be overshadowed by the increase in resistivity due to additional scattering processes, i.e. scattering due to phonons. As a result, the log(T) behavior is observed only in a limited temperature range right below the temperature minimum.
